Tubulobulbar complexes are actin filament-rich plasma membrane protrusions that form at intercellular junctions in the seminiferous epithelium of the mammalian testis. They are proposed to internalize intact junctions during sperm release and during the translocation of spermatocytes through basal junction complexes between neighboring Sertoli cells. Tubulobulbar complexes morphologically resemble podosomes found at cell/substrate attachments in other systems. In this study we probe apical tubulobulbar complexes in fixed epithelial fragments and fixed frozen sections of rat testis for two key actinrelated components found at podosomes, and for the endocytosis-related protein clathrin. N-WASP and cortactin, two regulators of actin network assembly known to be components of podosomes, are concentrated at tubulobulbar complexes. Clathrin-positive structures occur in Sertoli cell regions containing tubulobulbar complexes when analyzed by immunofluorescence microscopy and occur at the ends of the complexes when evaluated by immunoelectron microscopy. Our results are consistent with the conclusion that tubulobulbar complexes are podosome-like structures. We propose that the formation of tubulobulbar complexes may be clathrin initiated and that their growth is due to the dendritic assembly of a membrane-related actin network.
INTRODUCTION
Tubulobulbar complexes are actin-related tubular structures that form at intercellular junctions in the testis and have been proposed to internalize intercellular junctions during spermatogenesis [1] .
Each tubulobulbar complex consists of an elongate plasma membrane projection either of a Sertoli cell or of a spermatid that extends into a corresponding tubular invagination of the adjacent Sertoli cell (Fig. 1) [2, 3] . The projection and the invagination together form a closed-ended ''double membrane'' tube. Also part of the complex is a cuff of actin filaments that surrounds the tube. A ''bristle-coated'' pit occurs at the tip of the structure, and distal parts of the complex expand to form a ''bulbar'' region. This swollen bulbar region lacks an associated network of actin filaments and is closely related to cisternae of smooth endoplasmic reticulum. The bulbar region eventually buds from the complex and is degraded by the Sertoli cell [2, 3] .
Although the basic structure of tubulobulbar complexes is now well established, few of their molecular components have been identified, and the mechanism by which the complexes are formed has not been established. Interestingly, tubulobulbar complexes resemble podosomes in other systems [4, 5] . Podosomes, at least those that occur in osteoclasts [4] , form at sites of cell/substrate attachment and consist of elongate tubular plasma membrane cores surrounded by cuffs of actin filaments. Podosome formation is generated by the assembly of an actin network involving the action of N-WASP (WASL), the Arp2/3 (ARP2/3) complex, cortactin (CTTN), and dynamin (DNM) [4, 6, 7] . We previously have localized Arp2/3 and dynamin 3 to tubulobulbar complexes [8] , and others have reported dynamin 2 and amphiphysin, a membrane curvaturesensing protein, to be present at the structures [9] .
In this study we explore our prediction that two key molecular components, N-WASP and cortactin, found at podosomes also are present at tubulobulbar complexes. In addition, we explore the possibility that the bristle-coated pits at the ends of tubulobulbar complexes contain clathrin. We used the rat testis as the model system because tubulobulbar complexes are very prominent and are best studied in this species. We concentrated on tubulobulbar complexes that form in association with late spermatids because these complexes are more numerous, longer, and more predictable in location than are basal tubulobulbar complexes. Also, late spermatids together with adjacent Sertoli cell regions can be mechanically dissociated from the seminiferous epithelium and used to clearly resolve the tubulobulbar complexes. We immunologically probed testis sections and mechanically dissociated fragments of seminiferous epithelium for cortactin, N-WASP, and clathrin.
Our study has two significant findings. First, cortactin and N-WASP, key components present at podosomes, also are present at tubulobulbar complexes. Second, clathrin is a component of the bristle-coated pit at the ends of the structures. Our results are consistent with the general hypothesis that tubulobulbar complexes are podosome-like structures associated with junction turnover in the seminiferous epithelium, and raise the interesting possibility that formation of the structures may be clathrin mediated. We propose a mechanism for the formation of tubulobulbar complexes that incorporates both the dendritic model of actin assembly [10] and current models of clathrin-mediated endocytosis [11] . 
MATERIALS AND METHODS

Animals
Animals used in this study were reproductively active male Sprague Dawley rats and CD1 mice. They were obtained from the University of British Columbia animal care colonies and were maintained according to the guidelines established by the Canadian Council on Animal care. All experiments were done at least in duplicate using tissue from different animals.
Reagents
Unless indicated otherwise, all reagents used in the studies were obtained from Sigma-Aldrich Canada (Oakville, ON, Canada).
The paraformaldehyde was obtained from Fisher Scientific (Vancouver, BC, Canada), and the Unicryl embedding media and formvar/carbon-coated nickel grids were from Electron Microscopy Sciences (Hatfield, PA).
Secondary antibodies and phallotoxins conjugated to Alexa fluorochromes were obtained from Invitrogen (Burlington, ON, Canada), and those conjugated to horseradish peroxidase were purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). Normal immunoglobulins used in specificity controls were purchased either from Sigma-Aldrich Canada or Jackson ImmunoResearch Laboratories.
Primary Antibodies
Primary antibodies were obtained from the following companies and used at the indicated working concentrations for immunostaining: rabbit anticortactin 0.005 mg/ml (Sigma-Aldrich Canada); rabbit anti-N-WASP 0.008 mg/ml (Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-clathrin heavy chain (CLTC) 0.02 mg/ml for fluorescence and 0.2 mg/ml for electron microscopy (Sigma-Aldrich Canada).
Immunofluorescence
Tissue preparation. All testicular material from rats was fixed by organ perfusion of testes removed from animals deeply anesthetized with halothane. The spermatic arteries were canulated with 26-gauge syringe needles and the organs perfused for 2 min with warm (338C) PBS (150 mM NaCl, 5 mM KCl, 0.8 mM KH 2 PO 4 , and 3.2 mM Na 2 HPO 4 , pH 7.3), followed immediately by perfusion with warm fixative consisting of 3% paraformaldehyde in PBS. After 30 min, the testes were washed by perfusion with PBS, and then the organs were removed from the perfusion apparatus.
For frozen sections, perfusion-fixed testes were placed in a small amount of Optimal Cutting Temperature compound (Sakura Finetek USA, Torrance, CA) on aluminum stubs and frozen using liquid nitrogen. Sections (5 lm thick) were cut using a cryostat. The sections were collected on poly-L-lysine-coated glass slides, immediately plunged into cold (À208C) acetone for 5 min, and then air dried.
For epithelial fragments containing late spermatids and attached Sertoli cell regions, testes were decapsulated in PBS and then minced into small pieces using scalpels. Seminiferous tubule segments were aspirated gently, first through an 18-gauge and then a 21-gauge syringe needles. After letting larger segments settle to the bottom of 15-ml conical tubes for 5 min, the upper solutions were removed and placed in a new 15-ml conical and centrifuged (1 TUBULOBULBAR COMPLEXES HAVE CTTN, WASL, AND CLTC min at 4000 3 g) to concentrate the fragments. The supernatant was removed and the pellet gently resuspended in 500 ll PBS. The resuspended fragments were added to poly-L-lysine-coated glass slides and allowed to settle for 5-10 min in moist incubation chambers constructed from culture dishes. Excess fluid was drained off the slides that were then plunged into cold (À208C) acetone and then air dried.
Staining protocol. Fixed sections and epithelial fragments dried onto glass slides were rehydrated and blocked with 5% normal goat serum (NGS) in TPBS-BSA (PBS containing 0.05% Tween-20 and 0.1% BSA). After 20 min, the fluid was drained from the slide and replaced with primary antibody diluted in 1% NGS in PBS. Slides were placed in humidity chambers and incubated overnight at 48C. Slides were washed three times (10 min each wash) with TPBS-BSA and then incubated at 378C for 1 h in secondary antibody diluted 1:100 in TPBS-BSA. Slides were washed three times with TPBS-BSA and then mounted in Vectashield (Vector Labs, Burlington, ON, Canada). For material also to be labeled for actin, Alexa-phalloidin was added to the buffer used for the second wash, and the slides were incubated for 20 min at room temperature. The slides were washed an additional two times and then mounted in Vectashield.
Controls for staining included: 1) specificity controls, in which the primary antibody was replaced with normal immunoglobulin at the same concentration and from the same animal source (mouse, rabbit or rat) as the primary antibody; 2) controls for nonspecific binding of the secondary antibody (secondary antibody controls), in which the primary antibody was replaced with buffer alone; and 3) controls for autofluorescence (blanks), in which both the primary and the secondary antibodies were replaced with buffer alone.
Slides were examined and photographed using a Zeiss Axiophot microscope fitted with appropriate filter sets for fluorescence microscopy and with the optics required for phase microscopy.
Immunoelectron Microscopy
Rat testes were removed from animals deeply anesthetized with halothane and perfusion fixed using a two-step fixation protocol and immunolabeling method described in detail elsewhere [8] . Samples were dehydrated through an increasing concentration series of cold (08C to À208C) ethyl alcohols and embedded in Unicryl. Thin sections were cut using an ultramicrotome and collected on nickel formvar/carbon-coated grids. To facilitate antigen retrieval, grids were preincubated for 5 min in 6 M urea in 50 mM glycine at pH 7.3 [9] and then washed with TPBS-BSA. Grids were incubated overnight at 48C in primary antibody, washed, and then incubated 1 h in secondary antibody conjugated to 10-nm colloidal gold diluted 1:25 in TPBS-BSA containing 5% fetal bovine serum. Grids were fixed in 0.1% glutaraldehyde in PBS, washed with ddH 2 O, stained with 1% aqueous uranyl acetate, washed with ddH 2 O, and then air dried. Staining was evaluated and photographed on a Philips 300 electron microscope operated at 60 kV.
Electron Microscopy
Tissue for standard electron microscopy of normal rat tissue was processed and photographed as described in detail elsewhere [8] .
Western Blotting
Western blot analyses were done using both whole testis and isolated seminiferous epithelium lysates. Preparation of the lysates and staining protocols are described in detail elsewhere [8] . Controls for staining consisted of replacing the primary antibody with normal immunoglobulin at the same concentration and from the same animal source as the primary antibody.
RESULTS
Tubulobulbar Complexes Contain N-WASP and Cortactin
Because tubulobulbar complexes structurally resemble podosomes in other systems, we were interested in determining 
TUBULOBULBAR COMPLEXES HAVE CTTN, WASL, AND CLTC
whether or not key molecular components found at podosomes also are present at tubulobulbar complexes, particularly because many of these components are involved in podosome formation and may provide insight about tubulobulbar complex formation. Among these components are the actin-related protein cortactin and the Arp2/3 activator N-WASP.
Cortactin
The antibody generated against cortactin and used in these studies reacted on Western blots of seminiferous epithelium and testis in a fashion characteristic for cortactin (Fig. 2a) ; that is, the antibody reacted with multiple bands between 75 and 85 kDa. On frozen sections of fixed testis and on fixed fragments of seminiferous epithelium, diffuse linear tracts of staining were present at basal junction complexes and at sites associated with spermatid heads (Fig. 3) . Staining at basal junction complexes and at sites associated with spermatid heads, interpreted as being ectoplasmic specializations, has been previously reported [12] and serves as a positive control for the intense staining that we observed in association with tubulobulbar complexes at stage VII of spermatogenesis (Fig.  2) . This was particularly evident in epithelial fragments viewed at high magnification, where cortactin clearly outlined individual complexes adjacent to the concave surface of late spermatid heads (Fig. 2f) . Controls for staining were negative (Figs. 2 and 3) .
N-WASP
The antibody to N-WASP reacted specifically with a band at the appropriate molecular weight for the protein (65 kDa) on Western blots of testis and seminiferous epithelium that was not present on companion blots labeled with normal rabbit immunoglobulin G (IgG; Fig. 4 ). Other reactive bands on the blots were nonspecific and were present on control (normal rabbit IgG) blots.
In sections, the N-WASP antibody reacted with ringlike structures related to the cytoplasm of elongate spermatids (Fig.  5a ) and with the residual lobes of late spermatids (Fig. 5c) . Unlike the probe for cortactin, the N-WASP antibody did not react in regions adjacent to spermatid heads nor with junction complexes near the base of the epithelium. However, short elongate profiles were seen occasionally near the base of the epithelium that were likely basal tubulobulbar complexes (Fig.  5c) . The antibody strongly labeled regions containing tubulobulbar complexes adjacent to the concave surface of late spermatid heads (Fig. 5c) . In epithelial fragments containing late spermatids, the N-WASP antibody clearly labeled individual tubulobulbar complexes (Fig. 6) . Patterns of staining seen in antibody-treated sections and fragments were not seen in any of the control slides (Figs. 5 and 6 ).
Clathrin Is Localized to the Ends of Tubulobulbar Complexes
Bristle-coated pits have been described at the ends of tubulobulbar complexes, and clathrin, a component of coated pits, has been implicated in recruiting the actin cytoskeleton to sites of endocytocis in other systems [13] . To determine whether clathrin is present at tubulobulbar complexes, we probed rat testis samples with a clathrin antibody using immunofluorescence and immunogold techniques.
The antibody we used reacted with a band of the appropriate molecular weight (180 kDa) for clathrin heavy chain on Western blots of rat testis and seminiferous epithelium (Fig.  7a) , and also reacted with small punctate structures in epithelial fragments processed for immunofluorescence and that contained apical tubulobulbar complexes associated with late spermatids (Fig. 7, b and d) . In some fragments, these punctate structures were localized near where the ends of tubulobulbar complexes are known to occur (Fig. 7b) , whereas in other samples the punctate profiles were more scattered in their arrangement (Fig. 7d) . Similar patterns were not seen in control samples treated with normal mouse IgG instead of the primary antibody, even though there was significant diffuse background staining present in these samples (Fig. 7, c and e) . No staining was present in controls for the secondary antibody (Fig. 7f ) or for autofluorescence (Fig. 7g) .
In thin sections of rat testis processed for clathrin localization by immunogold electron microscopy, discrete clusters of gold particles were seen associated with Sertoli cell regions containing apical tubulobulbar complexes (Fig. 7 h and  i) . In favorable sections, some of these clusters situated at the TUBULOBULBAR COMPLEXES HAVE CTTN, WASL, AND CLTC ends of the complexes (Fig. 7, h and i) . A similar staining pattern was not present in material treated with normal mouse IgG (Fig. 7j) . In these control sections, there was a diffuse distribution of gold particles in regions associated with tubulobulbar complexes. In the secondary antibody control (Fig. 7k) , gold particles were virtually absent from similar regions.
DISCUSSION
In this study we demonstrated N-WASP and cortactin are concentrated at intercellular junction-related tubulobulbar complexes in the seminiferous epithelium of the testis. We propose that the formation of tubulobulbar complexes likely involves the dendritic assembly of an actin network and may be clathrin mediated.
Tubulobulbar complexes are elongate tubular extensions of the attached plasma membranes of two adjacent cells [2, 3] . Each complex is capped by a bristle-coated pit and is surrounded by a cylindrical cuff of actin filaments in which the filaments are arranged as a network. Distal regions swell and bud from the complex and are degraded by the Sertoli cell. Tubulobulbar complexes are proposed to internalize intact junctions during junction disassembly [1] .
Tubulobulbar complexes at intercellular junctions in the seminiferous epithelium structurally resemble podosomes formed at cell substrate adhesion sites in other systems in vitro [4] . Both develop at sites of attachment, and both are characterized by a cylindrical column of actin filaments that are arranged as a three-dimensional network. Significantly, podosomes in osteoclasts have a tubular core of membrane that invaginates from the plasma membrane [4] , similar to the double plasma membrane core of tubulobulbar complexes in the testis. The function of podosomes is not entirely clear, although roles in adhesion and in matrix degradation are proposed [7] .
The formation of podosomes is dependent on the cooperative interaction between N-WASP, Arp2/3, cortactin, and dynamin [6, 7] . N-WASP is a key activator of the Arp2/3 complex, which in turn generates new actin filament branches from preexisting filaments, thereby forming a three-dimensional network in which filaments elongate from their barbed ends positioned at the plasma membrane. This ''dendritic'' actin network assembly [10] is thought to be responsible for the protrusion of lamellipodia at the leading edge of motile cells. The dynamins as a group are large GTPases involved with the formation of vesicles [14] and membrane tubules in certain conditions [15] , and with modulating actin dynamics [4, 16] . Cortactin is a multidomain, actin-associated protein that binds to actin, the Arp2/3 complex, dynamin, and N-WASP, among others [17] , and is a central regulator of actin filament nucleation and dendritic actin network assembly [7] . We previously have demonstrated that Arp2/3 and dynamin 3 are present at tubulobulbar complexes [8] , and here for the first time show that N-WASP and cortactin are present as well.
Results from this and other studies demonstrate that actin filaments [18] , Arp2/3 [8] , N-WASP (this study), cortactin (this study), cofilin [19] , espin [1] , dynamin 3 [8] , and amphiphysin [9] are present at tubulobulbar complexes, and that clathrin is a component of the coated pits associated with their ends (this study). A summary of the localization of some of these components to tubulobulbar complexes is shown in Figure 8a , a diagram showing the sequence of events in tubulobulbar complex formation is shown in Figure 8b , and micrographs of coated pits at the ends of tubulobulbar complexes are shown in Figure 8c . The presence of actin-related components, clathrin, and dynamin in tubulobulbar complexes leads us to propose the following model (Fig. 9) for tubulobulbar complex formation, which is based on current models of clathrin-mediated endocyctosis [11] , the dendritic model of actin assembly [10, 20] , and results from studies of podosome formation [7] . A clathrin-coated pit formed at junction sites initiates the formation of tubulobulbar complex by recruiting and coupling the actin cytoskeleton to the sites. Unlike in conventional models of endocytosis, the clathrin-coated pit remains associated with the forming structure and does not detach. Consistent with this possibility is the observation that a coated pit is consistently observed at the end of each tubulobulbar complex and that the pit encloses, and is morphologically attached by fine filamentous connections to, a dense nodular protrusion of the adjacent cell. This clathrin-coated pit may stabilize the tubulobulbar complex, or perhaps even continue to recruit actin machinery and membrane-related components to the site and facilitate tubulobulbar elongation. N-WASP and cortactin activate Arp2/3-mediated dendritic actin network assembly, in which new filaments are established as branches from preexisting filaments, and polymerization of filaments occurs from free barbed ends of the filaments located near the plasma membrane. Dendritic actin assembly is likely the force that drives elongation of the structure. A membrane-associated BAR domain protein (amhiphysin), which senses curvature and bends membranes [21] , and dynamin 3 facilitate formation of the tubular membrane core. Cortactin may stabilize actin filament branch points and link the network to dynamin at the plasma membrane. Filament cross-linkers, such as a-actinin and espin, may cross-link actin filaments within the forming network. Network turnover is mediated by cofilin, which disassembles the actin filaments, and filament length is controlled by the predicted presence of a barbed-end capping protein. The actin monomer pool available for polymerizing is maintained by profilin, which we predict also to be present at the sites. Loss of actin filaments in distal regions of the structures leads to a swelling in the tubulobulbar region, and this structure is associated with, and perhaps its formation is even regulated by, a close relationship with the cisternae of endoplasmic reticulum. Budding of the bulbar region and eventual vesiculation of the tubulobulbar complex may be generated by the regulated ''pinchase'' action of dynamin 3.
Results of this study support the general conclusion that dendritic actin assembly is involved with tubulobulbar complex formation in the testis, and that the process may be clathrin mediated.
